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SUMMARY 
The marine diatoms such as Amphiprora gigantea O'Meara, Amphora coffeaeformis (Agardh) 
Kütz., Cocconeis heteroidea Hantz and Cyclotella meneghiniana Kütz. isolated from the coastal 
waters were made axenic and investigated for their growth, kinetics of phosphate uptake 
and assimilation. Phosphate-phosphorus at higher concentration depressed growth and 
division rates of all the diatoms. The uptake and assimilation of phosphate-phosphorus 
followed the classic Michaelis-Menten kinetics. Dark uptake was 37-71% when compared 
to light saturated uptake. Amphiprora gigantean, the largest diatom showed the low Ks and 
Km values whereas the smallest diatom Cyclotella meneghiniana exhibited high Ks and Km 
values for phosphate uptake and assimilation. DCMU inhibited phosphate uptake even at 
2.5µM concentration indicated that the phosphate uptake is mediated mainly by the 
energy derived from photosynthesis.  
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1. Introduction 
Apart from nitrogen, phosphorus is one of 
the major macronutrients which plays a vital 
role in the growth and reproduction of algae. It 
also limits primary production in the aquatic 
habitats. In nature, inorganic phosphorus is 
present mainly as orthophosphate and is taken 
up in the same form by phytoplankton. The 
important phenomenon for many algae is that 
they are known to accumulate and store large 
quantities of phosphate as polyphosphate 
when grown under phosphate enrichment 
[1,2,3,4]. Polyphosphate serves as the 
immediate phosphorus source for the growing 
algae [5] and also serves as a main source 
during phosphate starvation [6]. 
Generally, phosphorus uptake is more in 
P-deficient cells than in P-replete cells [7]. 
Rosenberg et al. [8] have found that in P-
starved cells, the P-uptake rate is much faster 
than in non-starved cells until a primary pool 
has been filled. Even after that, phosphate 
continues to pass through the pool for cellular 
utilization till the pool reaches the level close 
to external phosphate concentration. Because 
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the specific growth rate of planktonic algae 
depends on internal rather than external 
nutrient levels [9], the stored internal 
phosphate supports growth even after 
phosphate is exhausted in the medium. 
Phosphate incorporation occurs in three 
steps, first phosphate is transported into cell by 
electroneutral protein phosphate transporter, 
then this transported phosphate is converted to 
ATP and finally polyphosphates are formed 
from ATP [10]. The number of cells per unit area 
also could influence the phosphate uptake in a 
cyanobacterium Anacystis nidulans. When more 
cells were exposed to phosphate, the uptake was 
found faster [6]. Further, each cell could adapt 
itself to the concentration changes caused by the 
whole population. When two different dilutions 
of Anacystis nidulans were given a high 
phosphate pulse, the decrease in the external 
phosphate was faster in the high density 
suspension [11]. 
Nitrogen or phosphorus uptake by 
phytoplankton is influenced by a number of 
factors including their size, shape, mobility and 
intracellular processes in addition to the physico-
chemical characteristics of the external 
environment [12]. The surface area/volume 
characteristic of phytoplankton cells has been 
considered to determine nutrient assimilation 
properties and hence has a direct bearing on their 
growth and metabolism. Such an influence is not 
surprising since the cell surface defines the 
maximum area across which nutrients can pass 
through and light energy can be absorbed. This 
dependence of growth and subsistence quota on 
cell size implies that cell surface area influences a 
variety of underlying metabolic processes, the 
most notable of these being nutrient uptake. This 
present study deals with the influence of cell 
surface area and cell volume on the uptake and 
assimilation of phosphate in different sized 
phytoplanktons.  
2. Materials and methods 
The diatoms Amphiprora gigantea O'Meara, 
Amphora coffeaeformis (Agardh) Kütz., Cocconeis 
heteroidea Hantz and Cyclotella meneghiniana 
Kütz. were isolated from the different habitats 
(Table 1). They were made axenic by antibiotic 
treatment following the method described by 
Droop [13] and maintained in Guillard's F/2 
medium [14] at 24±1C in a thermostatically 
controlled room and illuminated with cool 
white fluorescent lamps providing an 
irradiance of 40 μE/m2/s in a 12:12 light dark 
regime. The diatoms were identified with the 
help of a standard manual and a local flora 
[15,16]. The mean cell surface and volume of 
these diatoms were calculated using the 
formula given by Hillebrand et al. [17] and are 
represented in Table 2. 
Table 1. Diatom cultures used in the present study 
Diatoms Collection site Month and 
year of 
isolation 
Amphiprora 
gigantea 
Foreshore Estate, 
Chennai 
October 1999 
Amphora 
coffeaeformis 
Near shore 
temple, 
Mahabalipuram 
September 
1999 
Cocconeis 
heteroidea 
Foreshore Estate, 
Chennai 
September 
1999 
Cyclotella 
meneghiniana 
Coastalarea, 
Kovelong 
October 1999 
Growth measurement 
Growth of the diatoms was recorded by 
counting the cells using a `Neubauer' 
haemocytometer. Growth curves were plotted 
against time from log10 of cell number taken 
on every alternate days till 12th day. A straight 
line fitted through points corresponding to 
exponential phase, division rates were 
calculated using the formula: 
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The amount of phosphate phosphorus was 
estimated by following the method of Murphy 
and Riley [18]. The acid phosphatase activity 
and alkaline phosphatase activity were 
assayed by the method described by Baker and 
Takeo [19] and Malamy and Horecker [20], 
respectively.  
A linear transformation of the michaelis-
menten equation was used to determine the 
values of μmax, Vmax, Kgs, Ks and Km. They 
were calculated by linear regression analysis 
using a statistical programme "Hyperbolic 
regression analysis" based on the equation S/v 
(1/Vmax) S+ (Ks/Vmax) with S/v as the ordinate 
and S as the abscissa [21]. In this transform, 
Kgs, Ks and Km are given as the negative x-
intercept and 1/Vmax as the slope of the 
regression equation of S on (S/v). 
3. Results 
Among the four diatoms, Cyclotella 
meneghiniana showed the lowest surface area 
and cell volume, whereas Amphiprora gigantea 
showed the highest. Amphora coffeaeformis 
showed a lower cell surface area but a higher 
cell volume, whereas Cocconeis heteroidea 
showed moderate cell surface area and cell 
volume (Table 2).  
Table 2. Mean cell surface area and volume of the 
diatoms 
 
Diatoms Cell surface 
area μm
2
 
Volume μm
3
 
Amphiprora 
gigantea 
2921 10,357 
Amphora 
coffeaeformis 
795 3090 
Cocconeis 
heteroidea 
1233 2735 
Cyclotella 
meneghiniana 
650 1294 
 
Growth of diatoms in different 
concentrations of Phosphate 
The phosphate in the diatoms were first 
depleted by growing them for 4 days in P-free 
F/2 medium and then inoculated into F/2 
medium amended with different 
concentrations of NaH2PO4 ranging from 0.006 
mM to 0.48 mM. Cell counts were taken on 
every alternate days up to 12th day. Data are 
presented as division rates in table 3. Substrate 
concentrations vs growth rates (S/μ) plotted 
against nutrient concentrations (S) resulted a 
straight line and the point of intersection of 
this straight line with the axis indicated the 
half-saturation constant for growth. μmax and 
half saturation constants for growth (Ksg) for 
NaH2PO4 were also obtained (Fig. 1 and 
Table 4). 
Table 3. Division rates (divisions/day) of diatoms 
grown in different concentrations of NaH2PO4 
 
Diatoms 
 
Concentration of NaH2PO4 in mM 
 0.006 0.03 0.09 0.19 0.48 
Amphiprora 
gigantea 
0.67 0.91 0.97 0.92 0.61 
Amphora 
coffeaeformis 
0.64 0.98 1.01 0.95 0.75 
Cocconeis 
heteroidea 
0.58 1.05 1.10 1.08 0.76 
Cyclotella 
meneghiniana 
0.78 1.16 1.20 1.02 0.72 
 
Table 4. μmax and Ksg for diatoms grown in different 
concentrations of NaH2PO4 
 
Diatoms μmax Ksg (mM) 
Amphiprora 
gigantea 
1.00 0.0030 
Amphora 
coffeaeformis 
1.05 0.0031 
Cocconeis 
heteroidea 
1.17 0.0045 
Cyclotella 
meneghiniana 
1.24 0.0030 
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All the diatoms showed high division rates 
up to 0.19mM of phosphate, above which 
division rates decreased. 
Among the four diatoms, Amphiprora 
gigantea showed the lowest μmax and Cyclotella 
meneghiniana the highest. All of them showed 
similar Ksg values except Cocconeis heteroidea 
whose Ksg was slightly higher.  
KINETICS OF PO4- UPTAKE 
Determination of Vmax and Ks 
Cultures raised in F/2 medium were 
inoculated into P-free F/2 medium amended 
with 5 μM of NaH2PO4 and incubated for 3 
days. At the end of third day, the medium did 
not know to contain any phosphate-
phosphorus these cultures were employed in 
short term and long term uptake studies. 
Experiments were carried out with different 
concentrations of PO4- in both light and dark 
conditions. Velocity of PO4- uptake (v) was 
plotted against substrate concentration S and 
from the hyperbolas Vmax values were obtained. 
S/v Vs S plots were also obtained to find out 
the Ks values (Fig. 2). Among the diatoms, 
Amphiprora gigantea showed a low Ks value, 
whereas Amphora coffeaeformis and Cyclotella 
meneghiniana showed high Ks values (Table 5). 
Both Amphiprora gigantea and Cyclotella 
meneghiniana showed a higher capacity for 
dark uptake compared to the other two 
diatoms. 
 
 
Table 5.  Vmax and Ks for PO4- uptake by diatoms in Light and Dark 
 
Diatoms Mean cell 
surface area 
(μm
2
) 
Mean cell 
volume 
(μm
3
) 
Ks μM 
(Light) 
Vmax (n moles/106 cells/h) 
Light Dark % of 
Inhibition 
Amphiprora 
gigantea 
2921 10,357 6.83 215.10 153.10 28.82 
Amphora 
coffeaeformis 
795 3090 16.57 150.8 51.77 65.67 
Cocconeis 
heteroidea 
1233 2735 14.04 148.9 55.84 62.50 
Cyclotella 
meneghiniana 
650 1294 17.47 144.2 97.15 32.63 
 
Effect of metabolic inhibitors on PO4- uptake 
by diatoms 
Short term uptake experiments were 
carried out at 20 μM PO4- concentration in the 
presence of KCN and DCMU (Table 6). Even at 
very low concentration (2.5 μM) of  DCMU 
inhibited PO4- uptake by 40-50%, while KCN 
inhibition of PO4- uptake was low even at 1.0 
μM concentration.  
Table 6. Effect of metabolic inhibitors on PO4- uptake by different diatoms 
 
Diatoms Phosphate uptake (v) rates (n moles/106 cells/h) 
Control 
(Velocity) 
Inhibitors 
KCN (1.0 mM) DCMU (2.5 μM) 
Velocity % of inhibition Velocity % of inhibition 
Amphiprora gigantea 159.2 130.8 17.8 82.3 48.3 
Amphora coffeaeformis 87.5 82.6 5.6 58.5 33.1 
Cocconeis heteroidea 85.3 71.4 16.3 48.5 43.1 
Cyclotella meneghiniana 80.2 62.4 22.2 45.8 49.4 
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Long term PO4- uptake 
Long term PO4- uptake (hours) 
The diatoms were initially grown in the P-
free basal medium amended with only 5μM of 
PO4- for a period of three days in order to 
achieve P-depleted cells. Then the medium 
was enriched with 50μM of PO4-P. At an every 
interval of 30 minutes, 10 mL of culture was 
taken and centrifuged. The cell free 
supernatant was analyzed for PO4- remaining 
in the medium. Among the four diatoms, 
Cyclotella meneghiniana and Amphora 
coffeaeformis showed a faster PO4- uptake rate 
than the other two (Fig. 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Half-saturation constants for growth (Ks
g
) of diatoms grown in NaH2PO4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2  Phosphate uptake rates (v) of different diatoms. Half-saturation constant (Ks) is given as the  negative S-
intercept of the linear regression of (S/v) Vs S 
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Fig. 3   Long term uptake of phosphate in diatoms (hours)
 
 
 
Long term PO4- uptake (days) 
The P-depleted cells obtained in the 
previous experiment were also taken for this 
study. The medium was enriched with 150μM 
of PO4-. Every 24 hours 10 mL of culture was 
taken and centrifuged, and the supernatant 
was analyzed for PO4- remaining in the 
medium. The increase in cell number was 
found coinciding to the decrease of PO4- in the 
medium.  The rate of PO4- uptake was greater 
in Amphiprora gigantea than the other diatoms, 
Amphora coffeaeformis showed the least uptake 
(Fig. 4). 
 
Enzyme kinetics 
Acid and alkaline phosphatases 
Determination of Vmax and Km 
Enzymes involved in the assimilation of 
phosphate namely acid phosphatase and 
alkaline phosphatase were assayed in diatom 
cultures grown for four days in 1 mg/L 
NaH2PO4 amended F/2 medium. Both acid 
and alkaline phsophtase activities were 
estimated at different substrate concentrations 
(P - NPP). The assay mixture was incubated at 
24 ± 1C for 10 - 15 minutes. Activity was 
calculated as n moles of P-NPP hydrolyzed per 
106 cells per hour. Lineweaver - Burk Plots 
were used to determine Km and Vmax values 
(Table 7). All the diatoms showed a higher 
Vmax and Km values for acid phosphatase than 
for alkaline phosphatase. The Km value for 
acid phosphatase in Amphiprora gigantea was 
lower than for alkaline phosphatase. 
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Fig. 4  Long term uptake of phosphate by different diatoms (days)
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Table 7. Comparison of Vmax and Km for acid and alkaline phosphatases 
 
Diatoms Acid phosphatase Alkaline phosphatase 
 Vmax n moles of P-NPP 
hydrolyzed / 106 cells/h 
Km in 
(mM) 
Vmax n moles of 
P-NPP hydrolyzed 
/ 106 cells/h 
Km in 
(mM) 
Amphiprora gigantea 258.1 0.12 216.4 0.15 
Amphora coffeaeformis 356.8 0.65 280.9 0.18 
Cocconeis heteroidea 362.9 0.37 99.2 0.08 
Cyclotella meneghiniana 243.0 0.38 209.5 0.24 
 
Effect of metabolic inhibitors on acid and 
alkaline phosphatases  
The activities of both acid and alkaline 
phosphatase were assayed in the diatoms 
grown in 1 mg/L NaH2PO4 amended F/2 
medium with 100μM of P-NPP in the presence 
of KCN (1mM) and DCMU (5μM) (Table 8). 
Table 8. Effect of inhibitors on phosphatase activity (n moles of P-NPP hydrolyzed/106 cells/h) 
 
Diatoms Acid phosphatase Alkaline phosphatase 
 Control KCN 
(1mM) 
DCMU 
(5μM) 
Control KCN 
(1mM) 
DCMU 
(5μM) 
Amphiprora gigantea 121.88 0 
(100) 
15.23 
(87.50) 
96.00 0 
(100) 
8.00 
(91.67) 
Amphora coffeaeformis 40.00 0 
(100) 
3.33 
(91.67) 
104.35 0 
(100) 
20.87 
(80.00) 
Cocconeis heteroidea 92.63 0 
(100) 
12.62 
(86.38) 
54.85 0 
(100) 
9.14 
(83.34) 
Cyclotella meneghiniana 48.00 0 
(100) 
8.00 
(83.33) 
56.21 
 
0 
(100) 
8.65 
(84.61) 
 
(Values in parentheses denote % reduction over control) 
KCN completely inhibited both acid and alkaline phosphatase activities. But DCMU inhibited the activities by 80 - 
92%. 
 
4. Discussion 
The division rates of the diatoms namely 
Amphiprora gigantean, Amphora coffeaeformis, 
Cocconeis heteroidea and Cyclotella meneghiniana 
were found low at low phosphate (NaH2PO4) 
concentration, but the rates increased as the 
phosphate concentrations of the medium 
increased. However the concentrations above 
0.09mM decreased division rates slightly.  
Falkner et al. [22] explained that when the 
available phosphate is low, it will be useful for 
slow growth of the organisms because they 
utilize the stored phosphate economically over 
a prolonged period. However, if the cells are 
loaded with a high amount of phosphate in 
large polyphosphate granules, it is 
advantageous for the organism to proliferate 
as fast as possible under the prevailing 
ecological conditions. 
All the four diatoms investigated in the 
present study showed very low Ksg  values for 
phosphate implying that very low phosphate 
concentration was found sufficient to produce 
maximum division rates in these diatoms and 
Ksg of PO4- was not size dependent. In the case 
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of uptake, the smallest diatom Cyclotella 
meneghiniana showed a very high Ks value and 
a low Vmax value. Whereas the largest diatom 
Amphiprora gigantea showed a very low Ks 
and a high Vmax value for PO4- uptake. 
Similarly in the long term uptake Amphiprora 
gigantea showed faster uptake of PO4- than 
other diatoms indicated that it was capable of 
utilizing phosphate even at low concentration. 
Wagner et al. [23] found that during phosphate 
limited growth, the synthesis of phosphate 
binding protein, a constituent of cytoplasmic 
membrane, was induced. Under low 
phosphate condition the TcPHO (high affinity 
phosphate transporter gene) mRNA level 
increased considerably when compared to P-
replete culture. However, the addition of 
phosphate to low phosphate culture effectively 
inhibited TcPHO mRNA expression [24]. In the 
present study the high uptake of PO4- by 
Amphiprora gigantea is due to its larger size and 
it may produce a large amount of phosphate 
binding protein. Thus it showed a high PO4- 
uptake and presumably TcPHO gene may be 
induced to high level.  
In algae, the most important effect on 
phosphate uptake is the action of light, because 
phosphorylated compounds are closely 
involved in metabolic and energy 
transforming reactions of photosynthesis. 
Many experiments with different algae have 
proved that phosphate uptake and its 
incorporation is greater in light than in dark. 
But Riegman et al. [25] reported that the 
affinities for phosphate uptake in the dark and 
in light are similar. At high growth rate, the 
affinity of `P' uptake in dark increased by a 
factor of two or even more. In the present 
study, all the four diatoms utilized PO4- in 
dark but compared to light the uptake in dark 
was very much reduced (28.82-65.67%) to that 
of light saturated uptake implying that energy 
derived from photosynthesis is necessary for 
the uptake of PO4-.  
Both KCN and DCMU inhibited P-uptake 
rates of which DCMU inhibited PO4-uptake 
even at 2.5µM concentration indicated that 
energy input from both photosynthesis and 
respiration seemed necessary for maximum 
PO4- uptake. Similar results have been 
obtained by Rivkin and Swift [7] where 
addition of DCMU caused a gradual delay in 
the rate of PO4- uptake to the extent of 60-70% 
of the uninhibited control. Graziano et al. [26] 
pointed out that the addition of DCMU 
blocked the transfer of electrons causing the 
effect. 
Alkaline phosphatase activity is one of the 
most commonly used indicators of P-
deficiency. Graziano et al. [26] stated that 
alkaline phosphatase activity is induced only 
in the starved state. Alkaline phosphatase is 
synthesized mainly for the hydrolysis of 
organic P compounds and polyphosphate 
bodies to maintain an adequate supply of P. 
In the present study, Km values for acid 
phosphatase and alkaline phosphatase were 
several folds greater than the Ks values for the 
uptake. Vmax for acid phosphatase was higher 
for all the diatoms when compared to Vmax 
for alkaline phosphatase. In contrast, the Km 
values for alkaline phosphatase were found 
very low compared to acid phosphatase. 
However, Amphiprora gigantea showed a 
similar Km values for both the enzymes. 
Therefore, Amphiprora gigantea had the high 
capacity for P-uptake and its incorporation 
between the pH 5.6-8.0. Table 9 shows a 
comparison of Ks and Km values for uptake 
and assimilation of phosphate obtained in the 
present study with those published earlier. 
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Table 9. Ks and Km values for uptake and assimilation of PO4- by various algae 
 
Organisms Ks (μM) Km (mM) Reference 
acid 
phosphatase 
alkaline 
phosphatase 
Thalassiosira fluviatilis 1.72 - - [27] 
Thalassiosira Pseudonana 0.58 - - [27] 
Thalassiosira pseudonana 0.67 - - [28] 
Navicula pelliculosa 5.12-11.75 - - [29] 
Monochrysis lutheri 0.51 - - [30] 
Olisthodiscus luteus 1.50 - - [31] 
Amphora coffeaeformis 54.00 111.10 142.86 [32] 
Navicula pelliculosa 37.50 400.00 71.42 [32] 
Thalassiosira fluviatilis 30.00 & 
204.00 
(Biphasic) 
500.00 250.00 [32] 
Amphiprora gigantea 6.83 0.12 0.15 Present study 
Amphora coffeaeformis 16.47 0.65 0.18 Present study 
Cocconeis heteroidea 14.04 0.37 0.08 Present study 
Cyclotella meneghiniana 17.47 0.38 0.24 Present study 
 
 
 
It was hypothesized that the algal P-status 
is likely to be important in the regulation of 
enzymatic synthesis [33]. Among the two 
inhibitors tested, KCN completely inhibited 
both the acid and alkaline phosphatase 
activities, whereas DCMU inhibited 80-92% of 
the enzyme activities.  
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